Near-infrared linear imaging polarimetry of the young stellar objects R CrA and T CrA in the J, H and Kn bands, and circular imaging polarimetry in the H band, is presented. The data are modelled with the Clark and McCall scattering model. The R CrA and T CrA system is shown to be a particularly complex scattering environment. In the case of R CrA there is evidence that the wavelength dependence of polarization changes across the nebula. MRN dust grain models do not explain this behaviour. Depolarization by line emission is considered as an alternative explanation. The dust grain properties could also be changing across the nebula.
I N T R O D U C T I O N
R CrA is classified as a Herbig Ae star (Marraco & Rydgren 1981) with a luminosity of 130 times solar (Wilking, Taylor & Storey 1986) . At a distance of 129 pc (Marraco & Rydgren 1981) , R CrA possesses a well-known optical reflection nebula, NGC 6729. Although it was originally described as a fan-shaped reflection nebula, B-band observations (380±480 nm) showed that it is aǹ unusually intricate reflection nebula' (Graham & Phillips 1987) . The spectrum of the nebula closely mimics that of R CrA and its apparent structure was first noticed to vary with time by Reynolds (1916) . Bellingham & Rossano (1980) reviewed photographic plates of the object spanning 50 yr and concluded that the changes were irregular with time. Graham and Phillips found variations on a 24-h time-scale and suggested that this is produced by shadowing from clouds in close orbits around the star. Longterm variations in structure (of the order of several years) were also visible when they compared their observations with those presented by Bellingham & Rossano (1980) . Hubble (1921) noticed that the most rapid variations in the nebula are correlated with pronounced brightenings of the star. He suggested that this may be because of the illumination of an unresolved cloud close to R CrA that was causing shadowing in the outer nebula. Graham and Phillips calculate that the likely distance of an obscuring cloud is about 0.1 au from R CrA and considered that these gas clouds would suffer tidal disruption within days or weeks of coming close to the star. Some matter will then accrete, the rest will be dispersed into the surroundings. They conclude that a uniform disc of material around the star cannot exist because of the irregular nature of the variability. This view is somewhat outdated now. The spectroscopic evidence for periodic accretion events is now well established [see Hartmann (1997) and references therein for a review]. Also variability in reflection nebulae has been observed in other young stellar object (YSO) systems, for example, R Mon (Matsumura et al. 1999 ). There are other lines of evidence that suggest that R CrA must possess an accretion disc.
Although R CrA is not one of their studied objects, Mannings & Sargent (1997) have been observing similar stars systematically using millimetre continuum and molecular-line aperture synthesis. Their aim has been to investigate the frequency of dust discs around these stars. It is thought that Herbig Ae/Be stars are the precursors of intermediate mass main-sequence stars such as the B, A and F spectral classes. Interestingly, the best candidate stars for possessing debris dust discs appear to be the A spectral class main-sequence objects, e.g. a Lyr (A0 V), a PsA (A3 V), b Pic (A5 V). This would suggest that dust discs should indeed be associated with Herbig Ae/Be stars. Theoretical models for the production of typical YSO features, such as Herbig±Haro objects and molecular outflows ultimately rely on the presence of a disc around the YSO to launch the wind [see Camenzind (1997) , Pudritz & Ouyed (1997) and Shu & Shang (1997) for reviews of different theoretical approaches]. Hartigan & Graham (1987) studied the Herbig±Haro HH objects in the region near R CrA. They discovered three new HH objects (numbered 96±98). Of all the HH objects in this region, only HH 104 was presumed to be associated with R CrA itself. The HH object can be split into two components, A and B, both of which appear to the east of the star, at the western cusp of the reflection nebula NGC 6729, and possess velocities of 246 and 256 km s
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, respectively. Graham (1993) discovered two new HH objects lying to the west of R CrA and named these HH 104 C, D. Although they advocated R CrA as the driving source, they noted that there were so many sources in the cloud that the identification was not secure. A long slit spectrum of HH 104, that also contained a large portion of NGC 6729, showed a systematic variation of the reflected Ha line profiles. This was interpreted by Hartigan & Graham (1987) to mean that the intrinsic spectral variability of R CrA was being reflected by the nebula. The difference in profiles highlighted the different light traveltimes to different portions of the nebula.
A molecular outflow has been observed by Walker, Lada & Hartigan (1985) who find a position angle of approximately 908 with the blueshifted lobe lying to the east of R CrA. Recently, new molecular mapping work by Anderson et al. (1997) has cast considerable doubt upon the identification of R CrA as the driving source of the Herbig±Haro objects HH 104 A±D and the molecular outflow in this region. Instead they implicate the embedded source IRS 7 that is seen in projection to be within the boundaries of the reflection nebula of the R CrA.
Ward- Thompson, Warren-Smith & Scarrott (1985) mapped NGC 6729 in polarized light with a broad-band V filter that provided an effective wavelength of 520 nm. In summary, they interpret their results to mean that NGC 6729 is a reflection nebula illuminated predominantly by R CrA.
Our polarimetric observations are also consistent with NGC 6729 being illuminated predominantly by R CrA. If we assume that R CrA is the driving source of HH 104 then we are forced to rely on extreme parameters for the system geometry. We therefore propose that our polarimetric observations provide further support for the viewpoint that, whilst R CrA is the illuminator of the reflection nebula, it is not the driving source responsible for HH 104. This paper is organized into the following sections. Section 2 briefly describes the observations. The linear and circular polarimetry of R CrA is then discussed in Section 3. The technique used for modelling polarimetric data is given in Section 4. A detailed, self-consistent model of R CrA is presented in Section 5. The T CrA data, obtained in the same field as R CrA is discussed and modelled in Section 6. Finally, our conclusions are presented in Section 7.
O B S E RVAT I O N S
The linear polarization data for our R and T Corona Australis analysis was taken on the nights of 1994 May 22±24 at the 3.9-m Anglo-Australian Telescope, Siding Spring, Australia. The instrument used was the Infrared Imaging Spectrograph (IRIS) together with IRISPOL developed by the University of Hertfordshire. IRISPOL is a dual-beam polarimeter capable of detecting both linear and circular polarization over the wavelength range 1.0± 2.5 mm (Hough, Chrysostomou & Bailey 1994) .
The telescope was used at the f/15 focus and the instrument optics provided a pixel scale of 0.6 arcsec. The seeing during these observations was monitored systematically and was found to be typically of the order of 1 arcsec. The circular polarization data for R Corona Australis were also taken at the Anglo-Australian Telescope, but on the nights of 1996 October 21±22. Weather and time constraints meant that one field of view and one single waveband were obtained.
Pixel-to-pixel variations in the data were removed by dividing the images with a suitable flat-field. This was obtained by observing a uniformly illuminated portion of the dome interior. As the object data were being obtained, regular sky images were recorded. Image registration was performed by centroiding on R CrA and T CrA.
For the linear polarimetry, a total of five spatial positions were measured in the J and H bands. The Kn band was measured in a total of six spatial positions. These were mosaicked to give the final image. The circular polarimetry was measured in the H band only, at one spatial position.
For detailed descriptions of IRISPOL and the subsequent data reduction see Chrysostomou et al. (1996 Chrysostomou et al. ( , 1997 .
R E S U LT S

Linear polarimetry
Linear imaging polarimetry was performed at the J, H and Kn wavebands. Figs 1±3 shows contours of logarithmic intensity overlaid with polarization vectors showing the position angle and magnitude of the linear polarization at each point in the scattering nebula for the J, H and Kn wavebands.
From these simple intensity maps it can be seen that the nebula looks cometary at all wavelengths and, as far as the spatial coverage of the images allows us to see, displays a roughly centrosymmetric pattern of polarization vectors at all wavelengths. R CrA is saturated in these images and so the polarization data close to R CrA itself is unreliable within a circle of diameter 5 pixels (,3 arcsec). The southern edge of the eastern scattering lobe is brighter than the rest of the lobe, a feature seen in other YSOs, e.g. R Mon (Minchin et al. 1991a) , Chamealeon .
Although the nebula appears cometary in total flux polarized intensity images show that it is, in fact, bipolar in structure. Fig. 4 contains grey-scale images of the nebula in logarithmic polarized flux at the J, H and Kn bands. It becomes easier in these images to see the extent of the scattering nebula. The polarized intensity is greatest on its south-easterly side, suggesting the kind of limb brightening seen in the reflection nebula NGC 2261. WardThompson et al. (1985) noticed these and interpreted them as optical jets. We prefer to think of them as concentrations of scattering particles, for instance, at the walls of a parabolic cavity.
The north-eastern side of the scattering lobe appears less well defined with one obvious region of low polarization offset from R CrA by 18 arcsec east. The scattered flux in this region drops suddenly in intensity. It is surrounded by a loop of bright polarized intensity, reminiscent of the structures in reflection nebula GL 2591 (Minchin et al. 1991b ). There is a fainter loop centred about 5 arcsec east of the bright inner loop. The J-band image show a much fainter loop with its associated low-polarization region centred at 40 arcsec east by 10 arcsec south. We speculate that these loops are produced by vigorous, periodic stellar wind activity that blows scattering material into dense loops. Optical images show that the nebulosity does not extend much further in the northern direction than our images do (Wilking et al. 1997) . If R CrA produces the jet that causes HH 104 A,B the jet would be located almost horizontally across our image running due east. It is invisible at these wavelengths, as are the associated HH objects, that are located at an offset of ,55 arcsec east. It is observed in other systems that YSO jets run along the centre of the reflection nebula, e.g. the R Mon system (Aspin, McLean & Coyne 1985) . In this configuration the axis of the jet is coincident with the axis of the molecular outflow. Dust entrainment in the molecular outflow then causes the reflection nebula. If R CrA is the driving source of HH 104, then the axis of the jet is misaligned with the axis of the molecular outflow by ,408. This configuration appears highly unusual and suggests that there has been a misidentification of HH 104 A, B in its association with R CrA. This misidentification appears to have been resolved by Anderson et al. (1997) who show that the embedded source IRS 7 is a more likely candidate to power HH 104.
To the north-west of the star, the counter lobe can just be seen as an extension in the H-band grey-scale. Unfortunately the extent of the counter lobe cannot be seen well but the data suggests that it is much dimmer than the forward-scattering lobe.
Circular polarimetry
Circular imaging polarimetry was only performed in the H waveband owing to time and weather factors. Fig. 5 shows the grey-scale intensity image and the grey-scale representation of the circular polarization. In both cases the saturated region around the central star is limited to a circle of 2-pixels diameter. To obtain these data, the instrument was rotated to align the IRISPOL mask with the bright nebular ridge at a position angle of 1308. There is an obvious enhancement of negative circular polarization that is spatially coincident with the bright south-eastern ridge of the nebula. This enhancement shows up as a white patch in the lower left-hand quadrant of the circular polarization image. Between the position of the star and the beginning of this highly polarized ridge is a region of weak circularly polarized radiation. It shows up in Fig. 5 as an almost spherical region, centred on R Cr A, coloured in mid-grey (see Section 5 for a discussion of the corresponding feature in the linear polarization images). This region of the scattering nebula is circularly polarized at the 21 per cent level. Fig. 6 shows that the circular polarization is clearly quadrupolar in nature when plotted from 21 per cent to 1 per cent. Beyond this region of low circular polarization, there is a sudden rise to 25 per cent. Although, considerably noisier, there is also evidence of a sudden rise of the counterlobe to 25 per cent circular polarization. This is found in the brightest area of the counterlobe. All fainter parts of the scattering nebula are too noisy to draw conclusions.
In the low circular polarization zone surrounding R CrA, there is a conspicuous central band of circularly polarized flux. In Fig. 5 it shows up as black pixels. It is polarized at the 15 per cent level and runs across the position of the star almost perpendicular to a line joining the upper and lower regions of negative circular polarization. There is low polarization in this band centred on the position of the saturated star. It is interesting to note that this structure is clearly visible on the linear degree of polarization images as well (see Fig. 9 ) for a comparison. It appears as an elongated clump to the west of the star that blends into the rest of the scattering nebula and a round clump to the east of the star. On the polarized intensity images (Fig. 4) it is clearly seen as a dumbbell-like structure with a major axis of ,1000 au. The images of the V Stokes parameter also clearly show this structure (see Fig. 6 ) and it is spatially coincident with the intensity image. It is interesting to note that the quadrants of the reflection nebula that display the least intensity fall within the shadow of the dumbbell.
R CrA is the first object found to have intermediate degrees of circular polarization (,5 per cent in the outer scattering nebula). Preliminary data reduction has recently shown that at least one YSO in Taurus displays similar degrees of circular polarization to R CrA (Clark et al., in preparation) . Previously studied objects have fallen into two distinct types. Those with very low degrees of circular polarization (,2 per cent) or none at all (e.g. GSS30, Chrysostomou et al. 1997; Cha IRN, Gledhill et al. 1996; GL2591, Clark et al., in preparation) . The other group of YSOs have shown much larger circular polarizations of ,10±15 per cent (e.g. IRc2 in Orion, Bailey et al. 1998; Chrysostomou et al. 2000 ; NGC 6334V, Me Ânard et al., in preparation).
The low circular polarization objects can be explained if linearly polarized light is scattered by spherical, non-Rayleigh dust grains. The initial linear polarization of the light is produced by scattering in the inner regions of the nebula, close to the YSO. Our model (described in the next section) suggests that the circular polarizations presented here are incapable of being produced by scattering from spherical dust grains. We note that degrees of circular polarization consistent with the data can be produced by the scattering of light from ellipsoidal dust grains . In this mechanism, the incident light can be unpolarized and circular polarization is still produced.
P O L A R I Z AT I O N M O D E L L I N G
The data were investigated using an extension to the Clark and McCall model . In this new study the model was improved by allowing more general definitions of the structure of the scattering nebula and the location of the observer. The nebula is referenced by a right-handed set of axes (X, Y, Z) that is split into a three-dimensional Cartesian array of equal volume elements. For each of those elements, eight separate pieces of information are stored. The first four represent the Stokes parameters of the incident light ray. The fifth is a normalized density of scatterers. The final three elements hold direction cosines to specify the spatial relationship between the scattering element and the light source.
As light travels from the central source to the scattering element it suffers extinction. The first step is to calculate the optical depth between the light source and the scattering element. This must be calculated at each arbitrary step in the journey of the photon and summed. Because the photon path through the nebula is unlikely to take it through the centre of successive volume elements, the density of scatterers at each step in the journey is calculated using a weighted summation of the density in the eight surrounding volume elements. The density at each point is summed and turned into an overall optical depth for the journey of the photon. Following modification of the Stokes parameters by the scattering event, a second, similar optical depth calculation must be applied in order to modify the light ray on its way out of the nebula.
The observer's line of sight is specified by two angles (u and f). u defines the angle between the observer's line of sight and the symmetry axis of the nebula (Z). f defines the angle between the projection of the observer's line of sight in the X±Y-plane and the X-axis. These angles allow a new right-handed set of axes to be defined. z is the observer's line of sight and the X±Y-plane defines the sky plane. Vector algebra can then be used to calculate the scattering angle of light from each volume element.
The initial definition of the Stokes parameters takes place in the plane parallel to the Z-axis that contains the path of the light ray. This necessitates the reorientation of the Stokes vector into the scattering plane before the scattering calculation takes place. Following this, a second reorientation places the Stokes vector into a north±south reference frame for summation and display.
It is highly unlikely that an observer's line of sight from a scattering volume element will fall into the centre of a sky plane element. The final summation of Stokes parameters is therefore a weighted summation over four adjacent sky cells. Once every volume element in the model nebula has been visited, the data can then be manipulated in a number of ways for presentation.
Modelling circular polarization
To allow circular polarization to be generated in the outer scattering nebula, a polarized source model has been adopted. The linear polarization increases sinusoidally from the symmetry axis of the nebula to its equatorial plane. The maximum amount of polarization is set to ,10 per cent in the equatorial plane. This value is based upon multiple scattering models of equatorial discs Figure 6 . The left-hand image shows the R CrA circular polarimetry data scaled from 21 per cent to 1 per cent. White pixels are negative circular polarizations and black pixels are positive circular polarizations. The underlying quadrupolar nature of the circular polarization can easily be seen in this image. The right-hand image is a plot of just the V Stokes parameter. In effect it is the circularly polarized intensity image. The black dumbbell structure is ,1000 au in diameter. around YSOs (Me Ânard, private communication) although Lucas (private communication) suggests that this maximum value may be somewhat conservative.
In the next two subsections, the model is run at H band, with an MRN grain model (Mathis, Rumpl & Nordsieck 1977) that has a size distribution of 0.1±1.0 mm.
Nebula constant and evacuated cavity size
A study was performed to investigate the behaviour of the intensity contours and the degrees of polarization (both linear and circular) for different nebula and cavity constants. These constants are used as multiplying factors in the defining paraboloidal equations and determine how steeply the paraboloidal walls rise away from the source. Large constants cause the walls to rise quickly and so define narrow paraboloids. The nebula constant defines the outer paraboloidal scattering wall. The cavity constant defines the inner paraboloidal scattering wall and must always be greater than the nebula constant. Cavity constants that are much greater than nebula constants allow scattering to take place across a wide range of scattering angles in a thick scattering wall. A cavity constant that is approximately the same as the nebula constant confines the scattering to take place in a thin scattering wall. Fig. 7 shows two model runs. The top four panels are produced with a small difference between the cavity constant and the nebula constant to produce a thin scattering wall. The bottom four panels are produced with a large difference between the cavity constant and the nebula constant to produce a thick scattering wall. In general, the polarized intensity images show edge-brightened scattering walls well, whilst the intensity image is dominated by low-polarization forward-scattered light. The polarized intensity image is therefore much better at delineating the areas where scattering takes place through angles close to 908. In terms of the percentages of polarization, the wider cavity gives less linear polarization close to the symmetry axis of the nebula than the smaller cavity model although the overall degrees of polarization remain similar. The extent of the maximum degree of circular polarization (,1 per cent) is reduced in the narrow-cavity model because there are more scattering events in the line of sight and this reduces the net degree of polarization.
Decreases in the nebula constant result in larger reflection nebulae and the successive lowering of the linear and circular degrees of polarization. The projected size of the nebula is usually a strong observational constraint, however, and can be used to deduce a nebula constant.
Orientation of the reflection nebula
Most reflection nebulae will not possess symmetry axes that lie in the plane of the sky. Instead one nebula lobe will be tilted towards the observer and the other tilted away. As demonstrated in , if the scattering grains are in the Rayleigh regime then the intensity and degrees of polarization at corresponding points above and below the YSO will be equal. If the scattering grains are within an order of magnitude of the wavelength of the scattering radiation, this will no longer be the case. The forward throwing nature of larger grains means that the backward tilted lobes will be dimmer. They also tend to be more highly linearly polarized. Fig. 8 shows an investigation of this process with the same cavity and nebulae constants as in Fig. 7 but this time inclined by an angle of 408 from the plane of the sky. The dimness of the counter lobe in these models is shown by the low density of contour lines in the counter lobe on both intensity and polarized intensity diagrams. Conversely the greater degree of linear polarization is shown by the asymmetry in the inner contour area as it passes from the forward tilted lobe to the backward tilted lobe. The extent of the circular polarization is also enhanced by the tilt of the nebula. In particular, the thick scattering wall model (i.e. a large difference between the cavity and the nebular constants) also boosts the maximum degree of circular polarization to ,2 per cent. The quadrupole pattern of circular polarization is predicted by this model to become less distinct as a nebula is tilted out of the plane of the sky and the regions of the nebula where the greatest circular polarization is found are driven outwards, towards the edges of the forward tilted lobe of the scattering nebula. The maximum degree of circular polarization in the tilted nebulae is double that in the upright nebulae and occurs close to the source.
D I S C U S S I O N
Comparison of the model images with the data show that R CrA is a vastly more complicated system than the idealized models. Too complicated, in fact, to be modelled with complete success. There are, however, a number of interesting features which can be recognized from the model that give significant insight into the physical environment of R CrA and point the way forward towards a complete understanding of this object. showed that investigating the variation of the degree of polarization along a radial cut from the YSO along the symmetry axis can be used as a diagnosis of reflection nebula geometry. A similar analysis was undertaken for R CrA. The axis of symmetry of this nebula was defined by eye based upon the visible extent of the nebula.
The circumstellar polarization hole in R CrA
The orientation of our radial cut is shown in Fig. 9 and labelled A. The polarization along this axis was noisy but hinted at a flat plateau region in the data between pixels 30 and 50. Plateau regions of polarization can be important diagnostics as they are caused by the back wall of the cavity approaching an asymptote that is parallel to the sky plane. They are therefore important for determining both the orientation of the cavity and, by fitting the degree of polarization along the plateau, the composition and/or size of the scattering dust grains.
In an attempt to decrease the noise, the data were smoothed using a Gaussian filter. This required some care because the data in the degree of polarization image cannot simply be smoothed, instead each individual Stokes parameter image had to be smoothed and then combined into a new degree of polarization image. Fig. 9 shows the smoothed degree of polarization image at the H band the radial cuts marked. Fig. 10 shows radial cut A of the smoothed data for the three wavebands. The most obvious feature of this data is that there is a conspicuous region of low linear polarization (,10 per cent) between pixel 0 and 20. This is quite unlike the behaviour of other reflection nebula investigated by us (e.g. R Mon, GSS30, Chrysostomou et al. 1996) . Following the region of low polarization, all of the wavebands rise quickly between pixel 20 and 50 to the plateau degree of polarization (,28 per cent). This plateau region of polarization extends between pixels 50 and 80 and shows that there is no overall dependence on wavelength between the J, H and K wavebands.
In Fig. 9 , the low-polarization region seen in the radial cut is colour coded as black and extends all the way around R CrA, defining a circumstellar polarization hole. We have considered whether this`hole' could have been produced by atmospheric seeing effects during the observation. In order to produce a depolarized region of 20 pixels, the seeing would have to have been 12 arcsec! We have therefore assumed that the circumstellar polarization hole is a real phenomenon, it can be used to provide a strong constraint on the geometry of the R CrA scattering system. The following constraints can be applied. First, although there is little linearly polarized light in this region, there is scattered flux, as seen on the intensity images. Thus scattering is taking place but is only imparting low degrees of linear polarization to the scattered light. Secondly, there is circularly polarized light present in this region.
In order to achieve a better model fit to this object, the following observational features were chosen to constrain the dust grain model used: (i) the wavelength independence of the linear polarization data; and (ii) the degree of polarization in the plateau region of the data. The following were used to constrain the geometry of the scattering lobe: (i) the extent of the polarization hole; (ii) the sudden rise to the plateau degree of polarization; and (iii) the visible extent of the nebula in projection on to the sky plane.
The polarization hole was simulated by placing an evacuated spherical region around the central source. This effectively truncated the paraboloidal scattering walls before they reached the star. The size of the sphere was constrained by its appearance on the observations. The model nebula was then tilted out of the plane of the sky so that a forward-scattering wall was placed ahead of the star. A schematic of the model geometry is shown in Fig. 11 . The tilt of the nebula was determined by taking radial cuts of the model nebula and comparing the radial cut with the data. . A schematic representation of the geometry we propose for the R CrA system. This figure represents a two-dimensional slice through the object in the x±z-plane. The observer's line of sight is also in the x±z-plane and subtends an angle of 408 to the z-axis that is also the symmetry axis of the reflection nebula. Thus, the inclination of the symmetry axis of the reflection nebula from the sky plane is 508.
The most acceptable fit occurs with a systematic inclination of 508.
In terms of the dust grain model used, a canonical MRN distribution was employed with variable upper and lower size limits. The plateau region of R CrA displays a degree of linear polarization of ,25±30 per cent. This is produced by scattering at almost 908 from the back wall of the cavity. Although there will be foreground scattering events that will affect this degree of polarization, it allows a minimum limit to be set on the dust grain model. In other words, the dust grain model must be capable, at least, of producing ,25±30 per cent. Slightly more would be preferable in order to compensate for the diluting effects of forground scattering events that will always lower the degrees of linear polarization. The fact that the plateau region of linear polarization is wavelength independent also constrains the dust grain distribution.
The MRN distribution that matches these requirements most closely is shown in Fig. 12 and possesses an upper size limit of 0.75 mm and a lower size limit of 0.05 mm. The K band was most sensitive to the top end of this size range, whilst the H and J bands proved relatively insensitive to upper limits between 0.6 and 1.0 mm. At the bottom end of the distribution, both H and K proved sensitive to changes and quickly predicted too much polarization and/or too strong a wavelength dependence.
Comparisons with the data are shown in Fig. 13 . The rise to maximum and plateau level is reasonable at the H band and if the J-band plateau level prediction were lower, the rise to maximum would also look reasonable. However, the Kn band is poorly fitted in the rise to maximum even though the plateau is reasonable. It is also inescapable that despite choosing a model with a weak wavelength dependence, there is still a very clear wavelength dependence in the model cuts as seen by the different plateau degrees of the linear polarization. This could indicate that the MRN dust grain model of silicates and graphites is inappropriate for R CrA or that the dust grain properties are changing across the nebula. There are now a number of alternative dust grain models (e.g. Mutschke et al. 1999 ) and we are currently investigating their scattering properties.
In an attempt to better understand the scattering environment of this object, a radial cut across the bright south-western feature was taken in order to investigate whether the wavelength independence is a characteristic of the R CrA system. Fig. 14 shows the radial cut data for the bright south-eastern feature. This radial cut is labelled B on Fig. 9 . All three wavebands show a rise to a maximum degree of polarization and then a gradual decline but the H band appears higher than both the J and the Kn. To Figure 13 . Best fits to the radial cuts originally shown in Fig. 10 . Model curves are shown with different degrees of inclination from the sky plane. Although no model is well fitted across the three wavebands, the trend of a polarization hole followed by a sudden rise to the plateau level of polarization is reproduced. This indicates that the model geometry is substantially correct but the actual scattering grains are not well represented by MRN grains. investigate this trend, a 10-pixel aperture was placed on the peak of the unsmoothed I, Q and U data and the mean degree of polarization and the standard deviation were found (see Table 1 ).
In this part of the nebula, therefore, there appears to be a case that H is the most highly polarized waveband. Despite attempts, no MRN dust grain model could be found that would replicate this wavelength dependence. Instead, we propose that depolarization in the K band is possible. Wilking et al. (1990) presented a partial map of the 1 3 0S1 shocked H2 in the outflow region of R CrA. The emission is variable across the parts of the nebula that were mapped.
Generating 5 per cent circular polarization
The circular polarimetry obtained for this object is limited to a single waveband and a single field of view. Although this is not enough to constrain a model, we can test the dust grain model of the linear polarimetry to see whether or not it can reproduce the approximate degrees of circular polarization.
The amount of circular polarization that a dust grain model can generate is based upon the following quantities: (i) the size of the dust grain; (ii) the refractive index; and (iii) the amount of linearly polarized light that scatters off the grain.
Circular polarization is produced when phase differences are introduced into the orthogonally polarized components of the scattered light. This can be caused by different parts of the grain being immersed in different parts of the electromagnetic field of the incident light ray. The size of the dust grain is an obvious way to achieve a differential field because one side of the dust grain will feel the effects of the incoming radiation beam before the other side does. Any grain with a diameter comparable with a large fraction of the wavelength of the scattering radiation is thus capable of producing some degree of circular polarization. A Rayleigh particle, which can be approximated by a single dipole, is incapable of producing circular polarization. The refractive index also plays a role because the real part of the refractive index determines how fast light propagates through the grain. Thus, even smaller Mie grains can act like bigger ones if the speed of propagation inside the grain is slow. The imaginary part of the refractive index, governing the absorption of radiation, is a sensitive parameter in the production of circular polarization. The more absorbing the grain, the more circular polarization can be produced.
Finally, all of the above mechanisms rely on the scattering light being already linearly polarized. The V Stokes parameter can be calculated for any grain model using Mie theory. When the V Stokes parameter is normalized to the I Stokes parameter it can be thought of as a conversion factor, from linear polarization to circular polarization, that varies as a function of scattering angle. Fig. 15 shows the V Stokes parameter normalized to the I Stokes parameter for the dust grain model used to reproduce the linear polarization of the R CrA. The maximum amount of circular polarization that can be produced by this dust grain model is ,50 per cent at all studied wavebands. This is with an input percentage of linear polarization of 100 per cent. Because the output percentage of circular polarization scales linearly with the input linear polarization, with a physically realistic input of 10 per cent linear polarization, it may naively be thought that the model will predict the observed degrees of linear polarization in R CrA. This is not the case because in any physically realistic system, scattering takes place across a range of scattering angles and the resulting summation of polarization states causes a decrease from the peak. Also, the geometry of the system may not produce favourable scattering angles.
Thus in the current model runs, 10 per cent input linear polarization was used and the maximum degree of circular polarization produced was ,2 per cent. Boosting the linear input could alter this to higher values. However, this would boost the linear polarization of the`hole' region beyond the observed values.
Varying the top and bottom size limits of the MRN distribution has not revealed any spherical dust grain that is capable of producing a magnitude of 5 per cent circular polarization in Table 1 . Mean degrees of polarization and their associated standard deviations are given for each waveband. The aperture width was ten pixels and was centred on the location of the peak in the polarization along radial cut B (see figure 14) . . Radial cut B across the bright, highly polarized south-western ridge of the nebula. The wavelength dependence of polarization is different from this in other parts of the nebula (cf. Fig. 10 ). This wavelength dependence of polarization is impossible to mirror with the MRN grains. R CrA is located at pixel 0 and the pixel scale is 60 au pixel 21 .
realistic simulations that include line-of-sight integrations. We are therefore forced to conclude that the scattering of linearly polarized light from spherical dust grains is incapable of producing the degrees of circular polarization displayed in this object.
Scattering from aligned non-spherical grains would provide a far more efficient mechanism for producing significant degrees of circular polarization. The observation of polarized thermal emission has already provided unambiguous evidence for aligned non-spherical grains in the vicinities of young stars (e.g. Hildebrand 1996) . For small spheroidal particles, with a 2:1 axial ratio, and in the most preferential alignment, scattering of unpolarized light can produce degrees of circular polarization of typically 10 per cent. This requires the particles to be moderately absorbing (i.e. the imaginary component of the refractive index is greater than 0.1). Higher degrees of circular polarization can occur if the input light is linearly polarized .
T C O R O N A AU S T R A L I S
In comparison with R CrA, the nearby system of T CrA offers a more archetypal reflection nebula for analysis. T CrA exists in the south-eastern quadrant of Figs 1±3. Morphologically, the T CrA reflection nebula resembles R Mon ) and the Chamealeon and R CrA somewhat in that the reflection nebula is brighter along one scattering wall than the other. This asymmetry is pronounced in the polarized intensity images (Fig. 4) . It is thought to be produced because a warped accretion disc around the star effectively shadows one side of the reflection nebula . The warp can be produced by the presence of a binary component in the system. Since these observations were made, T CrA has indeed been discovered to be a binary star via the technique of spectroastrometry (Bailey et al. 1998) . We note that the reflection nebula of R CrA is also limb brightened and might suggest that this too is a binary system.
A radial cut along the symmetry axis of the reflection nebula was taken at each waveband of the degree of polarization images and the results plotted in Fig. 16 . The results clearly show that the degree of polarization is wavelength independent. This is an indication that small dust grains are responsible for the scattering in this reflection nebula. The north-western lobe of the reflection nebula is smaller in extent than the south-eastern lobe. Interestingly the J and H radial cuts of the truncated lobe show almost symmetrical rises in the degree of polarization. The rises in linear polarization can be approximated as straight lines.
It seems likely that the south-eastern lobe of T CrA suffers a fairly sudden depolarization caused by foreground material on the periphery of the R CrA reflection nebula where there is a concomitant drop in the intensity of T CrA.
We have modelled T CrA using a thin-walled scattering nebula. The cavity constant is 0.2 and the nebula constant is 0.05 as constrained by its appearance on the sky. We have found that the best fit occurs when the symmetry axis of the reflection nebula is in the plane of the sky (see Fig. 17 ). The dust grain model used to fit the dust was an unmodified interstellar MRN distribution with a size range of 0.005±0.25 mm. Tilting the nebula swiftly curves the radial polarization cut and destroys the fit. The sudden peaks in the degree of polarization at pixel 0 in the model data are artefacts owing to the fact that the model does not include the effects of an optically thick dust disc near the source. The reason for the profile of the Kn-band data at pixels less than 0 in Fig. 16 is currently unknown. According to this model, T CrA is expected to produce very little (!1 per cent) circular polarization because the scattering dust grains are small, spherical Rayleighlike particles.
We have therefore concluded that different grain sizes are associated with the two objects, R CrA and T CrA. We do not think this is unreasonable. Differences in the chemistry of icy mantles are certainly present between the embedded objects IRS 1, IRS 2 and IRS 7 in the R CrA cloud (Chiar et al. 1998) . Thermal processing could lead to variations in grain size via the process of mantle desorption.
C O N C L U S I O N S
We have presented imaging linear polarimetry of the R CrA and T CrA systems at near-infrared wavebands J, H and Kn. We have also presented imaging circular polarimetry of R CrA in a limited field at the H band.
The R CrA system is a very complex scattering region with a clumpy distribution of scatterers that makes interpretation very difficult with an idealized scattering model such as that of . Nevertheless, we have investigated the reflection nebula NGC 6729 associated with R CrA and confirmed that it is a forward tilted scattering lobe. There is also evidence that R CrA is surrounded by an evacuated sphere. This is seen by the circumstellar polarization hole in the degree of polarization images. The intensity images show scattered flux in those regions and the only way to model this is to tilt the reflection nebula out of the plane of the sky so that forward scattering through the front wall of the reflection nebula takes place. This approach to the modelling suggests a systematic inclination of 508 using an MRN 0.05±0.75 mm grain size distribution of scattering particles.
The wavelength dependence of linear polarization across NGC 6729 is, in some parts of the nebula, impossible to model with MRN dust grains and we have failed to find a dust grain model capable of the observed behaviour, implying that the grain species changes across the nebula.
The circular polarization detected in R CrA is the first ever detection of intermediate degrees of circular polarization in a YSO (,5 per cent). Also, our images suggest that the circular polarization could increase still further into the nebula. We have ruled out spherical grains as the scattering particles because they cannot generate this degree of circular polarization given the observed constraints of the R CrA system. We have therefore proposed that scattering from aligned non-spherical grains is the most probable mechanism at work here.
T CrA is a more archetypical reflection nebula. We have presented a model for it that relies on parabolic bipolar cavities that lie in the plane of the sky to reproduce the observed linear polarization. The scattering particles around T CrA have been modelled using MRN interstellar grains with a size distribution of 0.005±0.25 mm.
